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Abstract 
Beam-columns in compression are subject to potential buckling. If the axial load is combined with a global bending moment, 
member instability may occur. One situation where this can occur is for pipelines on the seabed, where thermal strains induce 
significant compression in the pipeline due to constrained expansion. This may lead to upheaval buckling or snaking. In this 
condition one should also assess how a weld defect in the buckle zone will evolve. If the crack is located on the compressive side 
of the cross section, the crack remains closed. If the crack is located on the side where beam bending eventually leads to tension, 
fracture may develop. This has not been studied sufficiently in the past, and is the topic of the present paper. Here the interesting 
case of  initial compression, with closure of the  crack, is followed by a transition to tension and opening of the crack when the 
transverse displacement increases in the post-buckling regime. Simple cases of tubular beam-columns with surface cracks are 
investigated for cracks growing in a ductile manner. The simulations are based on shell and linespring finite elements.  
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1. Introduction 
Engineering critical analysis of offshore pipelines is crucial in order to avoid through thickness cracks, leakage, 
environmental and economic costs. Although a pipe is one of the simplest constructions one can imagine, 
introducing a surface crack makes the problem more demanding. Also, pipelines are subjected to several load 
situations that need to be addressed in design and fitness for purpose analyses: load histories during pipe laying (e.g. 
reeling as a demanding case), vortex induced vibrations of free spans, shut-downs and start-ups, internal/external 
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pressure, large temperature variations. This has been addressed using established methods from fracture and fatigue 
mechanics. A situation that has not been addressed much is the combination of global buckling and fracture of the 
pipe during operation due to thermal expansion (or restraint of that). The temperature of the medium inside the 
pipeline may well be of magnitude 100ºC. This can cause snaking or upheaval buckling. Then one has a combination 
of global axial collapse combined with potential fracture on the tension side (due to global bending) when the 
sideways displacement reaches a sufficient magnitude. In the current study a simplified approach is employed. A 20 
m long pipe segment with outer diameter D=400mm, thickness t=20mm is subjected to a small initial bending 
moment. Then an increasing axial compression displacement is applied. The small initial bending moment is 
introduced in order to trigger the sideways instability mode. The software LINKpipe is employed for this purpose. It 
is a tailor-made nonlinear shell finite element code, where the surface crack is accounted for by linespring finite 
elements. See Rice and Levy(1972), Parks and White(1982), Skallerud (1999), Skallerud et al(2005), Berg et 
al(2008), Skallerud et al (2006) for details on methodology and implementation.   
 
2. Materials and methods 
The material employed in this study has properties resembling an X60 pipeline steel, based on single edge 
notched tensile specimen fracture tests (Nyhus et al (2009)). The tearing resistance and stress-strain curve are 
plotted in Fig.1. It is noted that the tearing starts when a crack tip opening displacement (CTOD) of 0.25mm is 
reached. The pipe segment was modelled with homogeneous material, i.e. no weld material mismatch was 
accounted for. Also, no residual stress was included. One symmetry plane was utilized along the length axis of the 
pipe. This led to a model of about 4600 finite elements. The boundary conditions of the pipe were similar to a 
simply supported beam. First a bending moment with magnitude 4% of the yielding bending moment for the cross 
section was applied. This was kept, and then a controlled axial compression displacement was applied. Mostly, no 
pressure loading was used, but in one case internal pressure of 15MPa was applied. In this case no end cap was 
assumed (i.e. the pipe is open at both ends). 
 
 
 
Fig. 1. Tearing resistance and stress-strain curve. 
 
Transverse surface cracks on the outer surface of the pipe were analyzed. The width of the crack was kept 
constant, 2c=100mm. The initial crack depths considered were a=2.5mm, 5mm, 10mm , i.e. a/t=0.125, 0.25, 0.5. 
The tearing curve is used as input to predict incremental reduction in crack ligament. This reduction in ligament due 
to ductile crack growth leads to a shrinking size of the yield surface governing the plastic response of the linespring, 
with the effect that the CTOD increases accordingly in each integration point. An elastic predictor-plastic corrector 
numerical scheme is employed for the linespring force updates, and a Newton-Raphson iterative scheme is used in  
solving the global equation system. 
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3. Results and discussion 
Considering the global response, illustrated in Fig 2, the three different crack sizes did not lead to any significant 
difference. The axial load reaches a maximum, then column buckling develops. For the two smallest crack depths, 
local buckling on the compression side of the cross section developed when the axial displacement reached about 
100mm. For the deepest crack local buckling did not develop. Fig. 3 shows the deformed mesh for a/t=0.25 and 
a/t=0.5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Fig. 2. Global response of the pipe in compression. 
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Fig. 3. Deformed meshes end of analysis: upper panel a/t=0.25- local buckling on compressive side; lower panel 
a/t=0.5  - ductile tearing on tension side, no local buckling on compressive side. 
 
These differences in response at cross section level show up clearly when plotting the CTOD evolution for the 
different crack depths, as depicted in Fig.4a). First it is noticed that in the initial phase of the compression, the 
CTOD is zero as the nominal stress on the crack side is in compression. Then the out-of-plane displacement becomes 
sufficient to introduce tension and the crack starts to open. Subsequently, for the two shallowest cracks, local 
buckling develops and the CTOD saturates and does not increase anymore. For the deepest crack, no local buckling 
develops and the CTOD increases continuously.  
 
a)                                                                            b) 
 
 
Fig.4. a) Evolution of crack tip opening displacement (CTOD) for increasing compression, b) ductile tearing 
deepest point. 
 
The effect of local buckling on crack response is even more clearly illustrated in Fig. 4b), where the ductile 
tearing at deepest point of crack is plotted. Here the pipe with the deepest initial crack finally fails due to ductile 
tearing (and a through the thickness crack). The medium deep crack shows some ductile tearing, but this saturates 
after local buckling. For the shallowest crack, no ductile tearing develops at all. 
Finally, the effect of internal pressure is investigated for the medium size crack depth, shown in Fig. 5. Here the 
internal pressure of 15MPa leads to continuous increase in CTOD and ductile crack growth, and no local buckling. 
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a)                                                                            b) 
 
Fig. 5. a) effect of internal pressure (15MPa) on fracture response for crack a/t=0.25, a) CTOD, b) ductile tearing. 
 
The magnitude of transverse mid-length displacement at end of simulations was approximately 5% of the length of 
the 20 m pipe segment. This is a realistic deflection that can occur for pipelines at sea bed. This shows that there is 
an interaction between global response (global and local buckling) and the fracture criticality. For the cases analyzed 
the capacity may be either governed by local buckling or ductile fracture. It seems that if a significant internal 
pressure is present, the fracture failure condition becomes dominant, and local buckling is avoided as the internal 
pressure stiffens the shell. This study should be expanded to investigate additional parameter regimes for offshore 
pipelines, such as other D/t-ratios, a/c-ratios, longer pipe segments, other load conditions, and different pipeline 
materials (stress-strain and tearing characteristics). But the few cases analyzed show that nonlinear finite element 
tools can be very convenient in addressing such coupled nonlinear failure phenomena. 
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